Abstract
Introduction 33

Background and rationale 34
Much of our conceptual understanding about the variability of beach morphology comes from 35 sequential models developed for single-barred microtidal beaches in Australia (Short, 1979; Wright 36 2014) migration under varying waves, but is yet to be applied to the prediction of alongshore non-118 uniform changes. Other attempts to behaviourally model three-dimensionality have either been 119 restricted to single storm cycles (Plant et al., 2006) or have included relatively complex sediment 120 transport parameterisations, with limited predictive improvement (Splinter et al., 2011) . 121
Aims 122
This study aims to investigate the temporal variability of seasonal to inter-annual, subtidal and 123 intertidal beach three-dimensionality at a high energy, macrotidal beach (Perranporth, Cornwall, 124 UK). A morphological data set consisting of 5.5 years of monthly intertidal surveys and quasi-daily 125
Argus barline observations presents an opportunity to apply disequilibrium stress to the prediction 126 of subtidal and intertidal three-dimensionality for the first time. Furthermore this will be the first 127 attempt to model multi-year changes in three-dimensionality at a macrotidal beach. 128 
Methods
135
Study area 136
Perranporth (PPT) beach on the North West coast of Cornwall, UK (Fig. 2 ) is fully exposed to the 137 dominant westerly wave approach, receiving an energetic wave climate of Atlantic swell and locally 138 generated wind seas (Davidson et al., 1997) 
160
Observation of beach three-dimensionality 161
Video data 162
An elevated Argus video camera located at the southern end of the beach ( high pixel intensity that reveal the position of the underlying bars (Lippmann and Holman, 1989) . A 167 barline intensity mapping tool (Pape et al., 2007) was used to detect the inner and outer bar crestpositions by the alongshore tracking of the intensity maxima within the surf zone (Fig. 3) images collected within the following hydrodynamic constraints were used: 179 0.5 m < H s < 2 m 180 0.9 < HFI < 2 181
Images were also unavailable during poor light and weather conditions, or occasionally due to 182 technical issues with the camera system. Of the 2067 days of the study period 254 usable images 183 were obtained, with a minimum, mean and maximum interval of 1, 8 and 74 days, respectively. 184
Topographic surveys 185
Topographic surveys were conducted using an RTK-GPS system mounted on an all-terrain vehicle 186 (ATV) each month between October 2008 and April 2014. The surveys were conducted around low 187 tide during the largest spring tide of each month, to maximise beach coverage. Typical survey 188 extents are shown in Fig. 2 . A total of 64 monthly surveys were conducted, with a minimum, mean 189
and maximum interval of 16, 32 and 73 days respectively. The collected topographic data were used 190 to generate digital elevation maps (DEM's), which were converted from OSGB36 coordinates byrotation and translation to the same local grid as used by the Argus camera system (Fig. 3) . The data 192
were gridded at 20 m resolution in both the alongshore and cross-shore directions with a quadratic 193 loess interpolation scheme (Plant et al., 2002) . 
The forcing term F is defined as the product of the incident wave power raised to the 0.5 exponent, 263 ∆Ω in Eq. 5), so that the rate of change in is predominantly controlled by the rate parameter, , 269 and the wave power (P 0.5 ), rather than the magnitude of ∆Ω. Ω eq is determined from weighted 270 antecedent values of Ω, and is highly dependent on a memory decay parameter ϕ, which 271 determines the number of days, i, prior to the present time at which the weighting function has 272 dropped to 10%: 273 
where ɳ dtr and ɳ str are the maximum daily and spring tide ranges respectively. When the tide range 287 approaches its overall (spring tide) maximum, the ratio on the right-hand side approaches unity and 288 the normalised wave power is maximised. Conversely during neap tides the ratio drops to around ½, 289 reducing the normalised wave power by half. In initial tests, inclusion of this tidally modulated 290 power term made little difference to the lower beach predictions (R 2 was 0.61 in both cases), but 291 significantly improved model skill at the outer bar, increasing R 2 from 0.32 to 0.42. The Relative Tide 292
Range parameter (Masselink and Short, 1993) and HFI parameter (Almar et al., 2010) were also 293 tested but did not yield comparable model improvements. 294
Recognising that increasing and decreasing three-dimensionality are caused by different physical 295 processes, the forcing term F is broken into positive and negative elements in Eq. (4): 296
The relative weighting of F + and F -are determined by the ratio term in Eq. (4); this is calculated 300 from the wave data and is therefore not considered a 'model free' parameter. describes the 301 relative efficiency of positive and negative disequilibria in altering the beach three-dimensionality, 302
and long-term equilibrium is maintained if: 303
N is the length of the time series, and the triangular over-bar represents a numerical operation that 305 removes any linear trend in F, but retains the time-series mean. As negative disequilibrium (e.g. 306 storms) often has higher associated wave power, a strong tendency towards beach straightening 307 would be predicted if only F was considered. Instead is determined such that zero trend in the 308 forcing results in zero trend in , and therefore the term (F + + F − ) only contributes to a predicted 309 trend if one exists in the wave forcing series. Any trend in not explained by trends in the wave 310 series is handled (albeit crudely) by the trend term in Eq. (4). 311
To predict values of at times , F and are computed from the wave data and Eq. (4) is numerically 312 integrated with respect to time, yielding the final model equation: 313
where a is an offset that deals with non-zero mean values of . Eq. (10) is regressed against 315 observed values of (t) using a least squares method to optimize the coefficients b, c and offset a. 316
The optimal ϕ value is determined iteratively by changing ϕ from 1 to 1000 days, each time 317 regressing the model against calibration data, and finally using the ϕ that yields the greatest R 2 . 318
PHH06 model 319
The predictions of the DST13 model will be compared to an existing behavioural model. 
Results
350
Description of the temporal evolution of beach three-dimensionality 351
Time series of (Fig. 5) 
401
Model validation 402
The predictive skill of the DST13 model was more rigorously tested by validating its predictions 403 against an unseen portion of the data, as well as comparing the predictions to those made by thePHH06 model. Both models were calibrated using the first 60% of available data, and validation was 405 performed using the remaining unseen 40% of the data (Fig. 8) 
Comparison of the PHH06 and DST13 models 445
Both models predicted three-dimensionality better at the lower beach than at the outer bar, 446 suggesting that the barline measurement error may be masking the relationship with incident 447 waves. Despite poorly predicting outer bar , the PHH06 model made accurate predictions of lower 448 beach . Unlike DST13, the PHH06 coefficients can describe positive or negative feedback depending 449 on the results of the least squares regression. The self-interaction terms (left to right diagonal) in 450 matrix (Table 1) for the lower beach are both negative, showing that increases in reduce the rate 451 of further changes in , suggesting a stable and deterministic system (Plant et al., 2006) . The fact 452 that these terms are negative adds credence to the negative feedback approach used in the DST13model and explains the remarkably similar predictions of lower beach made by the two models, 454 despite the differences in driving parameters. 455
The inclusion of a tidally modulated power term in DST13 may explain why it performed better than 456 PHH06 at the outer bar, which is often inactive during small tides. While DST13 is forced by wave 457 and tide parameters, PHH06 requires knowledge of wave height and in order to predict changes 458 in . Plant et al. (2006) argue that knowledge of both and is necessary to predict either 459 parameter, but as the DST13 model was able to predict with significant skill, and without 460 knowledge of , this may not necessarily be the case. response may also occur there, but data with a higher temporal resolution would be needed to 479 investigate this further. Interestingly, the peak φ value for the outer bar is associated with a drop in 480 model skill at the lower beach (Fig. 10, upper left panel) . This is likely to be due to the lagged 481 behaviour of the outer bar, which was previously shown to reach peak values of up to 15 weeks 482 after the lower beach (Fig. 6) . Because high at the lower beach can occur alongside low at the 483 outer bar (Fig. 5) , a model suited to predicting one (i.e. with φ = 67 days) is likely to perform poorly 484 for the other. 485
This lag also results in rate coefficients ( ) with opposing signs at the outer bar and lower beach. As 486 the outer bar becomes 3D weeks to months after annual peak wave conditions, the increase in 487 coincides with positive ∆Ω, yielding a positive term. Conversely at the lower beach three-488 dimensionality begins to increase immediately following the annual peak wave conditions while ∆Ω 489 is decreasing but still negative, and therefore yields a negative term. The lagged increase in at 490 the outer bar relative to the lower beach raises questions about whether 3D features formed at the 491 lower beach influence or initiate the bed-surf coupling required to develop 3D features at the bars, 492 but this question cannot be answered with the present data alone. forcing term F. When tested, this altered the model results very little due to the small contribution 511 of obliquely incident waves at Perranporth, where alongshore-oriented power is typically an order of 512 magnitude smaller than the total wave power. This modification was therefore not included in the 513 present model, but provides a basis for further model development at sites with significant 514 alongshore wave power. 515
As the degree of three-dimensionality at dissipative-intermediate sites (such as Perranporth) is 516 inversely related to Ω (Wright and Short, 1984) , Ω eq provides a suitable equilibrium value for three-517 dimensionality. However, beaches that transition from the TBR to LTT states and eventually to the R 518 end state, feature decreasing three-dimensionality as Ω decreases. Therefore in order to generalise 519 the model to sites that feature intermediate-reflective beach states the model would need to be 520 adapted, such that when Ω eq exceeds an appropriate threshold the sign of the disequilibrium is 521 inverted. At that point increases in Ω would change from driving an increase in to driving a 522 decrease in . 523
The improvements achieved at the outer bar by moderating the wave power based on the tidal 524 range reflect the fact that significant sediment transport can only occur under sufficient wave 525 breaking (Splinter et al., 2011) . A large tide range reduces the water depth over the outer bar at low 526 tide, and therefore increases breaking and sediment transport which enhances the rate of change in 527 the bar. Conversely under neap tides, when water depth over the bar is large relative to the wave 528 height, sediment transport (and therefore changes in the bar) can significantly reduce due to the 529 lack of breaking. These processes may also explain the storm-dominated timescale of the outer bar 530 response, as a previously inactive bar can rapidly change when larger storm waves break. Although 531 the tidally modulated wave power term reduces the rate of morphological change under small tides 532 and waves, completely reducing bar change to zero when the subtidal bar is inactive may yield 533 further improvements. 534
Conclusions
535
A dataset of 5.5 years of quasi-daily bar measurements, and quasi-monthly intertidal beach surveys 536 from Perranporth beach (Cornwall, UK) were used to quantify seasonal to inter-annual changes in 537 beach three-dimensionality ( ). at the outer bar displayed significant annual periodicity, with 538 annual minima and maxima occurring in winter and spring respectively. The lower intertidal beach 539 displayed a similar periodicity, but developed three-dimensionality 1-4 months before the outer bar. 540 A simple equilibrium model (DST13) was developed, which made skilful hindcast and calibration-541 validation predictions of , explaining 42% and 61% of the variability in outer bar and lower beach 542 three-dimensionality, respectively. The model was able to make skilful predictions during an 543 unprecedented series of long period, high energy swell events, including the most energetic 8-week 544 period of waves measured in the last 65 years (December 2013 to February 2014), which were 545 outside the training data range. 546
At present the model assumes that open beach, cross-shore processes, such as horizontal wave-547 driven circulation control the morphodynamics, but alongshore-oriented wave power should be 548 considered at sites where it is significant relative to the normally oriented power. Negative feedback 549 was found to be an important process governing the changes in beach three-dimensionality. While 550 free morphological behaviour may drive three-dimensional growth, negative feedback processes 551 exert stability in the system, making it inherently predictable using a temporally varying equilibrium 552 value, as used here. In its present form the model out-performed a simple baseline model (a linear 553 fit) as well as a comparable linearized feedback model from the literature (Plant et al., 2006) , 554 providing the first long-term (multi-year) predictions of seasonal to inter-annual beach three-555 dimensionality for a macrotidal beach. 556 557
